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Abstract Presented study is a part of structural project
devoted to elaborating the basis of manufacturing technol-
ogy of L-lactide–glycolide–trimethylene carbonate polymer
system—a novel full biodegradable and resorbable shape–
memory polymers. In this paper we took an attempt to
describe the transformation of structure of studied shape–
memory terpolymers under the influence of the process of
biodegradation that occurred in time of implantation samples
using first of all the differential scanning calorimetry and
supplementary—the wide angle X-ray diffraction and
scanning electron microscopy methods. After a 5-year-per-
iod of ageing the distinct increase of crystallinity of fibres
was found.
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Introduction
Shape–memory polymers (SMPs) are stimuli-responsive
materials that can change their shape as a result of an
action of various external factors, i.e. changes of: temper-
ature (thermoresponsive SMP), pH (chemosensitive SMP),
light wavelength (photoactive SMP), etc. [1–5]. In the case
of thermoresponsive SMPs the permanent shape can be
formed by a melt processing of them. Then in the so-called
‘programming’ process at the given temperature range the
SMPs need to be deformed to the temporary shape, which
is finally fixed by rapid cooling, while the permanent shape
is stored in the ‘memory’. The permanent shape can be
regained by the change of temperature [6–10].
Applications of SMPs are widespread and include sen-
sors, self-repairing bodies, actuators and medical implants
[11–17]. SMP can be potentially used for biomedical
applications such as bioresorbable implantable materials, as
the shape–memory ability can be advantageous in order to
minimize surgical impact. Such a solution enables implan-
tation of small-size temporary shape elements which then
regains its permanent shape at the body temperature [18].
Experimental
Materials
In this paper we present the results of investigations of a
special SMP material from the group of biodegradable ter-
polymers—poly(L-lactide–glycolide–trimethylene carbon-
ate). Earlier the mass fraction of monomers to: LA 67 %, GL
11 %, o-TMC 22 %, respectively, and parameters of poly-
merization process were optimized. Studied SMP terpoly-
mer, denoted as LP-75, was synthesized by ring-opening
polymerization using low-toxicity zirconium(IV) acetyl-
acetonate Zr(acan)4 as an initiator in Center of Polymer and
Carbon Materials Polish Academy of Sciences CMPW in
Zabrze [18].
The post-reaction form of material was melted (ca.
130 C) and processed into a surgical systems (clips) using
the microinjection moulding machine. Investigated materials
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were implanted into bodies of experimental pigs and at
established order—reimplanted for structural measurements
(Fig. 1).
Measuring methods
Thermal properties of investigated samples were examined by
differential scanning calorimetry (DSC) method. Calorimetric
investigations were carried out with a TA Instruments System
5100 equipped with a MDSC Calorimeter 2920 and RCS
cooling system. The measurements were performed in the
atmosphere of nitrogen (flow 40 mL min-1) using TA stan-
dard aluminium pans. The masses of the examined samples
were about 5 mg. Heating rate of 10 C min-1 was used. The
curves were evaluated by means of the Universal V2.6D
(TA Instruments) software.
The wide-angle X-ray diffraction measurements
(WAXD) were carried out on a Seifert URD6 diffractometer,
equipped with ISO-DEBYEFLEX 3003 high voltage gen-
erator and a graphite monochromator. The step scanning
measurement mode was employed over a 2h scattering angle
ranging from 5 to 60, with a step-size of 0.05. Tempera-
ture time-resolved WAXD measurements were carried out
on Kratky camera equipped with Hecus SWAXS optical
system. A cooper target-sealed X-ray tube operated at
U = 40 kV and I = 30 mA was used as the radiation source
(k = 0.154 nm) during all X-ray investigations.
Scanning electron microscopy (SEM) investigations
were carried out by means of a SEM JSM 5500 LV man-
ufactured by JEOL, in the mode of secondary electrons, at
the high vacuum. To improve contrast SMP samples
viewed under SEM microscope were sputtered with gold.
The observations were performed at accelerating voltage of
10 kV. Microphotographs were taken at magnifications
from 91,000 to 910,000.
Results and discussion
Discussion of the results of degradation studies in vivo will
begin with a comment on the qualitative recognition of
changes in the material as a function of implantation time of
SMP material in the experimental pigs. The progress of
degradation is shown clearly in the SEM micrographs pre-
sented in Fig. 2. Even after 4 weeks of implantation, there
are clear changes in the microscopic image of the test
material. This involves the creation of characteristic mani-
festations of heterogeneity in its volume as a result of the
progressive penetration of the physiological medium (liquid)
in biodegradation (Fig. 2b). As indicated, further progress in
the process of changing the image of microscopic samples
tested SMP exacerbated by the emergence the typical
‘craters’ of the volume of material (Fig. 2c) until the typical
spongy microstructure (Fig. 2d). In this form, the material
not only loses any mechanical strength but is also gradually
defragmented in terms of macroscopic coherence. After
10 weeks of implantation there is approximately 1/10 of the
initial sample mass. The rest of the biodegradable material is
mostly reabsorbed by the body.
On the background of presented SEM microscopy
studies, the results of calorimetric DSC tests are very
interesting, especially in structural terms. As shown by
previous research [18], tested terpolymer SMP has a mul-
tiblock structure, which governs its shape–memory
A sample after implantation  
(mass of about 7 mg) 
A form of investigated material 
after polymerization 
A sample of surgical system with memory 
of shape (mass of about 65 mg) 
Degradation process in vivo 
Thermal processing 
Fig. 1 The scheme of obtaining
samples for structural
investigations
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properties. However, in the ‘starting conditions’, i.e.
immediately after processing from the reaction in the form
of a surgical stent, there are no ‘signs’ of the crystalline
structure. The DSC curve (Fig. 3) obtained in heating
mode (range 0–200 C) shows the glass transition at 38 C,
which is accompanied by a characteristic enthalpy relaxa-
tion peak (43 C) with high intensity but does not show any
endothermic melting effects (curve ‘a’ on Fig. 3). This is
unlike the calorimetric results for the samples treated with
SMP biodegradation processes in vivo. The shape of DSC
curve in this case is quite different (line ‘b’ on Fig. 3).
Comparison of DSC curves obtained for the samples after
the implantation process is shown on Fig. 4. The values of
characteristic temperatures and enthalpies changes corre-
sponding to the transitions reflected on the curves are shown
in Table 1. On the curves at temperatures above 70 C a very
clear melting peak appears, which indicates that in the
process of biodegradation, there simultaneously occurs a
structure ordering process. Crystallites are created in this
process that melt when heated above 70 C during DSC
measurement. This property of the material disappears after
10 weeks of implantation, and may be associated with
arrangement appearing within TMC blocks, as seen by
WAXD results qualitatively discussed in a further part of this
paper.
With further heating of the samples, as seen in the curves
presented in Fig. 4, an exothermic recrystallization effect
appears (curves a–c). This is formed in the recrystallization
process arrangement and is destroyed in the melting process.
The melting process shown on the DSC curves presented is in
the form of a characteristic endothermic peak whose position
is monotonically shifted to lower temperatures, while its
intensity increases with increasing implantation time—the
biodegradation of the test material (Table 1).
(a) (b) (c) (d)
Fig. 2 SEM micrographs of investigated SMP samples during the
process of biodegradation in vivo: a material before implantation,
b after four implantation—a lot of changes are visible, c after 6 weeks
of implantation—a multitude of characteristic ‘craters’ appeared in
the volume of a sample, d after 10 weeks of implantation—total loss
of coherence of a sample, different characters of core and surface,
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Fig. 3 DSC curves registered
during the heating for
investigated SMP material
before (curve a) and after
degradation process (curve b)
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The discussed melting peak exhibits characteristic
splitting that is likely to be the effect of crystallographic
polymorphism within the polylactide crystalline phase. The
temperature range of the occurrence of this peak indicates
that the effect of this change is reflected in the melting of
the crystallites within lactide blocks. This inference is
confirmed by diffraction WAXD (Fig. 5) studies carried
out in parallel.
On the diffraction patterns obtained for samples of SMP
materials measured after the different periods of implan-
tation (Fig. 5) besides the diffraction peaks characteristic
for the crystalline phase of poly(L-lactide)—2h = 19.31
and 22.11, respectively, the arrangement of diffraction
maximums which we assigned to molecular crystals inside
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Fig. 4 DSC curves for material
reimplanted from the pigs
bodies after: (a) 4 weeks,
(b) 6 weeks, (c) 8 weeks and
(d) 10 weeks of the degradation
process in vivo
Table 1 Values of: temperatures of melting Tm1, Tm2, enthalpies of melting DHm1, DHm2 and recrystallization DHr, respectively, evaluated on the













Tm1/C DHm1/J g-1 DHr/J g-1 Tm2/C DHm2/J g-1
4 71.1 12.0 2.7 119.4 4.3
6 70.1 12.9 5.1 110.5/117.8 7.4
8 70.2 8.3 5.5 108.6/116.2 12.7




























Fig. 5 WAXD curves of SMP:
matrix and samples after 4, 6, 8
and 10 weeks of implantation,
respectively
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Conclusions
On the basis of the performed analysis (calorimetric DSC
studies, supplementary SEM microscopy and WAXD dif-
fraction), it is clear that studied poly(L-lactide–glycolide–
TMC) shape–memory terpolymer exhibits two-phase su-
permolecular structure i.e. an amorphous and a crystalline
phase.
In the biodegradation process during the implantation of
the tested SMP terpolymer, there occurs a fundamental and
characteristic change in the appearance of crystalline phase
in the structure with increasing implantation time.
This appearance of crystalline structure can be quanti-
tatively evaluated by the increase of the enthalpy of
melting from above 4 to 24 J g-1 (last column on Table 1).
The explanation of this fact refers to the increase in
mobility of the macromolecules in the formation of crys-
tallites as a result of shortening their length—that is
reduction of the molecular mass as a result of biodegra-
dation occurs in vivo.
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Fig. 6 Exemplary WAXD curve (black line) for the biodegraded
SMP material resolved for individual diffraction peaks (grey lines)
[19–21]. The diffraction maximums characteristic for crystalline form
of poly(L-lactide) are marked with labels
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